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1 Introduction
Ernest Rutherford once said at the beginning of the
XXth century “Theorists play games with their sym-
bols while we discover truths about the Universe”. This
was before the birth of the Bohr atom and quantum
mechanics. At the beginning of the XXIst century this
sentence can probably be reverted, as the theory pre-
dictions are so successful that experimental discover-
ies of the last 40 years fit perfectly in the Standard
Model (SM) theory framework. In this respect, the sys-
tematic exploration of the electroweak (EW) scale at
the Large Hadron Collider (LHC) [1] could have rep-
resented an even greater confirmation of the theory
predictions since most Beyond Standard Model (BSM)
ae-mail: isabell.melzer-pellmann@cern.ch
be-mail: pascal.pralavorio@cern.ch
theories, and in particular low-energy Supersymmetry
(SUSY) expect new particles with masses close to the
EW scale. As it will be discussed extensively in this
article, this is clearly not the case. The direct searches
conducted at the first LHC run by the general purpose
experiments ATLAS [2] and CMS [3] did not reveal the
presence of any new particle beyond that of the Stan-
dard Model. In contrary, the Standard Model is now
fully established by the discovery of the Higgs boson [4,
5].
The article is based on currently published results
obtained at a center-of-mass energy of
√
s = 8 TeV for
an integrated luminosity of 20 fb−1 of LHC data. In case
they are not available, previous results, obtained with√
s = 7 TeV and 5 fb−1 of LHC data, are discussed. The
most important analyses are based on 8 TeV LHC data,
either from ATLAS or CMS (or both). Therefore, even
if the fully final result from Run 1 is not yet published
for all individual search channels, lessons for SUSY dis-
cussed here are not expected to change.
This article is organized as follows: First, a brief re-
cap of the SUSY framework used for the LHC searches
is proposed in Sect. 2. Then the experimental challenges
faced by the ATLAS and CMS experiments in terms of
object reconstruction and background modeling are ex-
plained in Sect. 3. The limit setting procedure is also
briefly summarized in this section. The discussion of the
results is split in three different sections, representing
the main avenues of the SUSY searches at LHC: gluino
and squarks of first/second generation at the energy
frontier in Sect. 4, third-generation squarks in Sect. 5
and electroweak SUSY in Sect. 6. All assume R-parity
conservation, and prompt decay of the SUSY particles.
Sect. 7 is devoted to escape routes beyond R-parity
conservation and prompt decays, as well as more ex-
otic SUSY scenarios. Prospects with the coming runs
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2of LHC and conclusions are discussed in Sect. 8 and 9,
respectively.
2 SUSY framework for the search at LHC
This section provides the reader with the minimum vo-
cabulary and knowledge needed to understand the ex-
perimental results presented later in this article.
As discussed elsewhere in this review, SUSY [6,7]
can be realized in many different ways. Even if the LHC
cannot explore the full SUSY phase space, it can probe
extensively the low-energy (or weak-scale) realization of
N=1 SUSY, called the Minimal Supersymmetric Stan-
dard Model (MSSM) [8]. This model predicts new par-
ticles, called sparticles, that are superpartners of each
SM particle in the chiral multiplets, as shown in Fig. 1.
A new quantum number, R-parity is created and de-
fined as PR = (−1)2s+3B+L, where s is the spin, B
the baryon number and L the lepton number. It is neg-
ative/positive for SUSY/SM particles. Therefore, the
sparticles have the same quantum numbers as their SM
partners, except for the spin which differs by half a unit,
and R-parity. The spectrum is characterized by 25 el-
ementary scalars and 10 elementary fermions without
counting the SM particles.
Fig. 1 SUSY particles in MSSM [8].
For self-containment, we just recap the names and
main characteristics of the new particles. To generate
the masses of the up- and down-type fermions, the SM
Higgs sector is extended by adding another SU(2)L
complex doublet. Each doublet has a vacuum expec-
tation value (vev) labelled vu and vd, constrained by
the SM Higgs vev, v (v =
√
v2u + v
2
d). Their ratio are
traditionally written tanβ = vu/vd. As a result, eight
mass eigenstates exist after electroweak (EW) symme-
try breaking: three neutral Higgs bosons (h0, the one
with the lightest mass, H0 and A0), two charged Higgs
bosons (H±) and three Goldstone bosons (G0, G±),
‘eaten’ to give masses to the Z and W± bosons. The
Higgs boson discovered by ATLAS and CMS is assumed
to be the lightest neutral Higgs of the MSSM (h0) since
it possesses similar properties as the SM one whenm2
A0

m2Z and tanβ > 1 (also called the decoupling limit)
1.The
squarks (q˜) and sleptons (˜l) are the spin-0 partners
of the SM fermions. Similarly, wino (W˜0, W˜±), bino
(B˜0) and higgsinos (H˜0u, H˜
0
d, H˜
+
u , H˜
−
d ) are the spin-
1/2 superpartners of the electroweak bosons. To com-
plete the list, colored gluinos (g˜) and the gravitino (G˜)
are the partners of the gluon and graviton. With this
setup, the number of fermions and bosons is equal-
ized and the Lightest SUSY Particle (LSP) is stable
if R-parity is conserved. Note also that left- and right-
handed fermions have two different SUSY partners f˜L,R
that can mix in f˜1,2 provided the SM partner is heavy,
like in the third generation. Similarly, the wino, bino
and higgsino, governed by the gauge eigenstate mass
termsM1,M2 and µ, mix to give four neutralinos (χ˜
0
1,2,3,4),
and four charginos (χ˜±1,2). To simplify the discussion of
results in this sector, this article often considers one of
the three typical scenario shown in Fig. 2. Each corre-
spond to a different χ˜01 flavor : (a) bino-like, (b) wino-
like or co-NLSP [10] and (c) higgsino-like. The last one
is favored by naturalness arguments, as discussed in the
next paragraph.
When choosing the parameters such that the hi-
erarchy or naturalness problem is solved within the
MSSM [11], stringent constraints appear on the masses
of the new predicted particles, especially the ones which
are most closely related to the Higgs, as can be seen in
Fig. 3. Interestingly, there was no experimental sensi-
tivity to this spectrum before the startup of the LHC.
Moreover, by design, the LHC is perfectly suited to ac-
cess this particular region of phase space, already with
its first run at
√
s = 7 − 8 TeV. Searches for hints in
this particular spectrum generally shape the analysis
strategy at the LHC.
In the MSSM framework, three main theoretical un-
knowns influence the search direction: the LSP nature,
the compression (or not) of the SUSY spectra and the
status of R-parity. For the first one, experimental con-
straints restrict the LSP to be the lightest neutralino
(χ˜01) or the almost massless gravitino. In the later case,
final states are increased compared to the former. The
reason is that the Next-to-Lightest SUSY Particle (NLSP)
1It could still be H0, implying that h0 is lighter and still to
be discovered but this is presently disfavored by the data [9].
3Fig. 2 Three possible EW SUSY mass spectrum depending of the relative values of M1, M2 and µ parameters.
which can be any of the SUSY particles (squark, gluino,
slepton, chargino or neutralino) will decay to the grav-
itino and the SM partner of the NLSP [12] 2. The second
MSSM theory unknown is the difference (∆M) between
the mass of the highest sparticle produced at the LHC
(MSUSY) and the LSP (MLSP), resulting in compressed
or open spectra, i.e. hard or soft objects in the final
state. The third MSSM theory unknown is the status
of R-parity. In a plain vanilla MSSM scenario R-parity
is conserved (RPC), but it could well be violated (RPV)
or even a continuous symmetry. It is important to men-
tion that in the huge MSSM phase space long-lived par-
ticles decaying within the detector or even outside often
exist. This situation could arise from low mass differ-
ence between two sparticles in the spectrum, very weak
coupling to the LSP, very small R-parity Yukawa cou-
plings, etc.
Typical SUSY cross sections of pair-produced spar-
ticles at the LHC are given in Fig. 4 – for two dif-
ferent sparticles mass degeneracy is assumed 3. Since
each SM particle and its superpartner belong to the
same multiplet, the sparticle decay generally involves
the SM partner and the LSP. However due to the high
number of new particles many different decays are pos-
sible depending on the sparticle mass spectrum, gener-
ating long decay chains. Plain vanilla MSSM searches
are therefore characterized by pair-produced particles,
two LSPs escaping the detection and long decay chains
involving jets and/or leptons and photons as depicted
2The most ‘natural’ situation is that the NLSP is the χ˜01
(Fig. 3), whose decay will depend on its flavor (bino, wino or
higgsino-like of Fig. 2) and results in χ˜01 → γG˜, χ˜01 → γ/ZG˜
or χ˜01 → Z/h0G˜ decays, respectively. The relative proportion
of γ, Z and h0 depends also on others parameters θW or tanβ.
3Following an ATLAS-CMS agreement [14], all SUSY cross
sections are calculated in the MSSM at NLO precision in the
strong coupling constant, including the resummation of soft
gluon emission at next-to-leading-logarithmic (NLO+NLL)
accuracy, using PROSPINO and NLL-fast [15,16,17,18,19].
Fig. 3 Natural SUSY particle mass spectra giving less than
10% tuning [13].
in Fig. 5. Note that for the gravitino LSP scenario, the
mass difference with the NLSP is always sizeable in the
natural spectrum, O(100) GeV, because the gravitino
is almost massless. If the masses of all colored particles
are too high to be produced at LHC, the production
may be dominated by chargino-neutralino pair produc-
tion, resulting in less complicated final states, generally
containing several leptons. Finally, non-prompt sparti-
cle decays can generate striking signatures as displayed
in Fig. 6.
3 Experimental challenges for SUSY searches
at LHC
This section is mainly addressed to non-experts in LHC
analyses and analysers or theorists who want to under-
4Fig. 6 Possible signatures from non-prompt sparticle decay.
Fig. 4 Cross sections of several SUSY production chan-
nels [14], superimposed with Standard Model process at√
s = 8 TeV. The right-handed axis indicates the number
of events for 20 fb−1.
stand better the many experimental facets of a SUSY
analysis at LHC.
Discovering SUSY at the LHC is an extremely chal-
lenging task, even within the restricted framework of
the MSSM. First, every corner of the parameter space
needs to be covered, including all possible decay chan-
nels which provide a high number of final states with
different mixtures of reconstructed objects (photon, elec-
tron, muon, tau, jets, b-jets, missing transverse energy).
Second, due to the presence of many scalars and weakly
interacting particles, cross sections are generally ex-
tremely tiny with respect to the SM background (cf. Fig 4).
Fig. 5 Typical decay of a colored SUSY particle at LHC.
The two cases shown at the bottom of the SUSY spectrum
correspond to the two considered LSP types.
In the plain vanilla MSSM scenario, the few signal events
are generally located in the tails of the kinematic dis-
tributions, requiring challenging trigger, powerful dis-
criminating variables and accurate background model-
ing in a complicated region of the phase space. In other
SUSY scenarios where R-parity is violated and/or non-
prompt decays are possible, the experimental challenge
generally shifts to taking the best performance of each
sub-detector to improve secondary vertex reconstruc-
tion, timing resolution, jet substructure reconstruction,
lepton coverage, etc. Therefore, SUSY searches provide
an excellent way to push the detector and analyser ca-
pabilities to their best.
This section is organized as follows. Experimental
matters, i.e. LHC data, trigger and detector/object per-
formance relevant for SUSY searches, are treated in
Sect. 3.1. Commonly used discriminating variables for
the design of the signal regions are then discussed in
Sect. 3.2 and methods to estimate the remaining back-
ground in these signal regions are described in Sect. 3.3.
Finally, the limit setting tools and SUSY models used
5for interpretations are briefly reviewed in Sect. 3.4 and 3.5,
respectively.
3.1 LHC data and detector performance
After a brief reminder of the main characteristics of the
LHC data (section 3.1.1), ATLAS and CMS detectors
(section 3.1.2), the object and detector performance
relevant to SUSY searches are discussed (section 3.1.3
and 3.1.4).
3.1.1 LHC data
The LHC is a particle collider at CERN, ‘probably the
largest and the most complex machine ever constructed
by humans’ [20]. It is housed in a 27 km long tunnel
∼100 m underground and is ultimately designed to col-
lide proton beams at a center-of-mass energy of up to√
s = 14 TeV at a rate of 40 MHz. The first proton-
proton run of the LHC (Run 1) lasted from March
2010 to December 2012 with
√
s = 7 TeV and 8 TeV,
and collisions every 50 ns. It was extremely successful
and provided more than 20 fb−1 in 3 years, as shown
in Fig. 7. Because of the increase of the proton den-
sity per bunch and the tuning of the beam optics, the
number of interactions per beam crossing (pile-up) in-
creased regularly during Run 1 to reach more than 30
at the end of 2012; see Fig. 8. This increases the com-
plexity of the event reconstruction, as discussed later.
For practical considerations, unless mentioned other-
wise, searches presented in this article make use of the
the full
√
s = 8 TeV dataset.
3.1.2 ATLAS and CMS detectors
Four large detectors have been built at the collision
points. Among these, ATLAS and CMS are the two
general-purpose experiments. Because of the huge com-
plexity of the detectors that can cope with very high
collision rate and high pile-up conditions, world-wide
collaborations of few thousands of physicists and en-
gineers were set-up, giving these projects a flavor of a
modern cathedral, dedicated to science.
The interesting particles are produced over the full
solid angle down to small polar angles (θ) with re-
spect to the incoming beams (a fraction of a degree
corresponding to pseudorapidities of |η| up to 5, where
η = − ln[tan(θ/2)]) and in the full azimuth 0 ≤ φ ≤ 2pi.
The transverse plane plays a special role for LHC analy-
ses: the vectorial sum of all particle momenta produced
by the collision is null and it is the bending plane in
the central part. Therefore, selections generally rely on
transverse momenta, labelled pT.
The two detectors are based on two different tech-
nologies for the central magnets that are used to bend
the charged particle trajectories: CMS uses a 4-T su-
perconducting solenoid magnet of 3 m radius, fully con-
taining the trackers and the calorimeters, while ATLAS
chose a smaller central solenoid (2 T and 1.2 m radius),
complemented by outer toroids. These choices influence
the design of all detector technologies [21].
Inner tracking systems measure the momentum of
charged particles, which are bent by the magnetic field.
To achieve this, ATLAS and CMS have designed tracker
systems providing a similar geometrical coverage (over
|η| < 2.4− 2.5). They are based on the same silicon de-
tector technology near the interaction vertex, i.e. below
50 cm, with a silicon pixel and strip tracker, providing
around 10 precision points per track. However, they dif-
fer considerably at larger radii: ATLAS uses straw-tube
detectors (TRT), allowing 35 extra measurements per
track in the bending plane for |η| < 2.0, with drift-time
information for momentum measurements and pattern
recognition, while CMS extends the silicon-strip tech-
nology up to a radius of ∼110 cm. Stand-alone tracker
performance is generally better for CMS because of the
higher magnetic field.
The electromagnetic (EM) calorimeter is the key
system for measuring the kinematics of electrons and
photons. CMS chose ∼75000 scintillating PbWO4 crys-
tals with an excellent energy resolution but extremely
low light yield, while ATLAS built a granular lead/liquid
argon sampling calorimeter with ∼200k channels. This
last technology is robust and well known, with poorer
energy resolution at low energy, but comparable to CMS
in the 0.1-1 TeV energy range.
Key parameters for the hadronic calorimeters are
the coverage up to |η| < 5 for both ATLAS and CMS,
the depth in interaction length (λ ∼10) and the sam-
pling fraction, 3 times better in ATLAS than in CMS [21].
Finally, the muon spectrometers are also quite dif-
ferent: in ATLAS they can provide an independent and
high-accuracy measurement of muons over |η| < 2.7
coverage, whereas CMS relies on a combined measure-
ment of muon chambers and inner tracker up to |η| <
2.4.
The ability of ATLAS and CMS to use more than
90% of the high-quality data delivered by the LHC for
physics analyses demonstrates the excellent functioning
of both experiments.
6Fig. 7 LHC luminosity recorded by the CMS experiment
Fig. 8 corresponding number of pile-up events as a function of time.
3.1.3 Object reconstruction performance relevant to
SUSY searches
Because of different detector concepts, the final-state
reconstruction differs quite a lot between ATLAS and
CMS.
In ATLAS, electrons, photons, and jets are seeded
by calorimeter clusters. Electrons and photons are even-
tually combined with the tracker information. In CMS,
all final-state particles are reconstructed with the particle-
flow method [22], generally seeded in the inner detec-
tor and further combined with the information from all
sub-detectors.
Jets are reconstructed using the anti-kt jet cluster-
ing algorithm [23,24] with a distance parameter of 0.4
and 0.5 for ATLAS and CMS, respectively. After cali-
bration, pile-up corrections and cleaning, jets are gen-
erally considered only above pT > 20 GeV. The jet en-
ergy scale uncertainty (and the jet energy resolution to
a lesser extent) is generally the dominant systematic
uncertainty for R-parity conserving strong production.
It is lower than 2% for pT > 100 GeV, degrading to 4%
for jets with pT = 20 GeV [25,26].
Identifying b-jets from light-quark and gluon jets is
crucial for all third-generation searches and is possible
thanks to secondary vertex information provided by the
tracker. Dedicated algorithms are used by ATLAS [27]
and CMS [28]. Typically with a 60-70% b-jet identi-
fication efficiency, a light-quark jet rejection between
100 and 1000 is obtained depending on pT and η. Simi-
larly, hadronically decaying taus can be separated from
light-quark jets with O(10) less rejection power than for
a b-jet assuming a 60% tau identification efficiency [29].
Leptons are key ingredients for SUSY searches tar-
geting compressed spectra, EW production and/or RPV
final states. Due to trigger requirements, the leading
lepton has to be generally above 20-25 GeV in pT, but
it is possible to lower the pT down to 6-7 GeV in analy-
ses considering multi-leptons. Further separation from
jets is obtained by requiring the leptons to be isolated
in the calorimeters and/or the tracker.
A crucial variable for SUSY searches at the LHC
is the magnitude of the missing transverse momentum
vector (EmissT ). In ATLAS, it is based on the vector sum
of transverse momenta of jets, leptons and all calorime-
ter clusters not associated to such objects (within |η| <
5). In CMS, it is based on all particles reconstructed
7by the particle-flow method which compensate for the
lower calorimeter jet energy resolution. Because of the
hadronic environment, fake EmissT can arise from jet mis-
measurements which can be efficiently removed by re-
jecting events where a high-energetic jet (or lepton) and
EmissT are close-by (with a relative angle of∆φ(j, E
miss
T ) <
0.4). Detector malfunctions and poorly instrumented
regions can cause high EmissT as well. In some lepton-
veto analyses, HmissT is considered, i.e. the vectorial sum
of jets above few tens of GeV in pT, to decrease the sen-
sitivity to low-energy jets coming from pile-up.
Obviously the very first experimental challenge at
the LHC is the trigger. In Run 1, ATLAS and CMS con-
centrated their efforts on single triggers (EmissT , multi-
jets, electrons and muons), but also allocated a part
of the bandwidth to combined triggers (di- and multi-
leptons, jets+EmissT , several central jets, leptons in com-
bination with large hadronic energy, etc.) which are
more analysis-specific.
3.1.4 Detector performance relevant to SUSY searches
Performance of specific sub-detectors are crucial to de-
tect non-prompt sparticle decays or heavy stable charged
particles which are slowly moving (β = v/c < 0.9).
In this respect, the tracker provides a lot of rele-
vant information: (i) the ionization energy loss (dE/dx)
measured in the silicon detectors, significantly higher
for low β than for minimum ionizing particles, (ii) char-
acteristics of displaced vertices via dedicated algorithms
and (iii) for ATLAS a continuous outer tracker, the
TRT, to identify late decays. Note that RPC searches
generally veto long-lived particles decaying in the tracker
by imposing impact parameter requirements to reject
cosmic muons.
Low-β particles or particles coming from long-lived
particle decays in the tracker will arrive late in the
calorimeter. The excellent timing resolution of the AT-
LAS and CMS EM calorimeters, around 0.3-0.4 ns per
cell, is a very powerful tool to discriminate against SM
particles. In case of ATLAS, stand-alone pointing capa-
bility can also be used. Similarly, the excellent control of
the calorimeter noise yields sensitivity to late-decaying
particles trapped in the detector.
Finally, the time-of-flight measured in the muon spec-
trometer can be exploited as well. Stand-alone resolu-
tion of the order of 5% or better can be achieved over
the whole η range of the spectrometer. It can be ul-
timately improved by combining information with the
calorimeter; see for example [30].
3.2 Discriminating variables
In RPC searches, the main background for SUSY sig-
nals is generally caused by processes involving particles
with masses close to the weak scale (W, Z, H, top), or
QCD multijet production with real or fake EmissT ; see
Fig. 4. These processes can have cross sections that are
up to ten orders of magnitude higher than the SUSY
signal. Therefore, finding SUSY at the LHC requires
to design signal regions (SR) by exploiting at best the
main characteristics of the decay cascade: the presence
of two stable LSPs, whose momentum is directly pro-
portional to EmissT , and/or long decay chains involving
jets, i.e. large calorimeter activity in the event. The
latter is efficiently measured by the scalar sum, HT,
of the transverse energy of reconstructed objects (for
some analyses, only a part of the objects can be also
considered). Rectangular cuts can then be applied on
HT and E
miss
T (or H
miss
T ).
Sensitivity can be improved by taking advantage of
the correlation between HT and E
miss
T and by comput-
ing meff = HT + E
miss
T , called the effective mass [31].
This is illustrated in Fig. 9. The other advantage is
that meff can be linked to characteristic SUSY parame-
ters like MSUSY, the mass of the highest colored object,
MLSP, the LSP mass, and their mass difference ∆M ;
see Fig. 5. Typically meff will peak at 1.8(M
2
SUSY −
M2LSP)/MSUSY [32]. For open spectra (∆M = MSUSY−
MLSP > O(500) GeV), this value is well above the SM
background which has no correlation between EmissT and
HT, and therefore peaks at lower values. However, for
compressed spectra (∆M < 500 GeV), meff looses its
separation power and selection requirements have to be
relaxed, or other discriminant variables have to be used.
An alternative approach, which can also served as a
cross-check, is to take advantage of the kinematic dis-
tribution of the decay of two heavy sparticles (typically
gluinos or squarks around 1 TeV). By grouping the
reconstructed objects in two hemispheres, two mega-
jets can be formed and kinematic properties used to
distinguish signal from SM background. Two common
variables are αT [34], the ratio of the pT of the sec-
ond hardest jet and the invariant mass formed from
the two hardest jets, and Razor [35]. In the former, SM
di-jet events are back-to-back and trail off at αT = 0.5,
whereas a SUSY signal can be asymmetric (causing
αT > 0.5) because of the presence of the LSP in the
decay. For Razor, the idea is to use the transverse and
longitudinal information to reconstruct the mass MR
of the two mega-jets in the rest frame of the two-jet
system (R-frame). For signal with open spectra MR
will peak at MSUSY and at mt or mW for tt and WW
events. Other quantities related to the R-frame (trans-
8Fig. 9 Illustration of the variables used in a standard SUSY
search for strong production at LHC with a one-lepton, three-
jets and EmissT final state [33]. For completeness the variable
EmissT /
√
HT is also represented in this plane.
verse mass, Lorentz boost) can be used to increase the
discrimination against the background.
If the presence of lepton(s) is required several types
of invariant transverse masses could be considered as
discriminant variables. The simplest case corresponds
to the single lepton channel. There, the leptonic W-
boson background, either coming from W (+jets) or tt
production, is efficiently removed by requiring that the
transverse mass mT is above the W mass. This variable
is defined as mT ≡
√
2EmissT p
l
T(1− cos(∆φ)), where
plT is the transverse momentum of the lepton and ∆φ
the difference in the azimuthal angle between the lep-
ton and the EmissT direction. The mT variable has an
end-point for backgrounds containing a single lepton-
ically decaying W boson, while signal events contain
additional EmissT due to the LSPs, leading to an ex-
cess at large mT. When two leptons are considered the
best discriminant variables are the generalized trans-
verse masses mT2 [36,37,38] and mCT [39,40]. It can
be applied for example to search for direct slepton pro-
duction l˜+ l˜− → l1l2χ˜01(p1)χ˜01(p2). mT2 minimises the
larger of the two transverse masses and is defined as
m2T2 = min
p1T+p2T=E
miss
T
{
max
(
m2T (l1,p1) ,m
2
T (l2,p2)
)}
(1)
while mCT is a simple combination of the visible decay
products and is defined as
m2CT = [ET(l1) + ET(l2)]
2 − [pT(l1)− pT(l2)]2 , (2)
with ET =
√
p2T +m
2. In both cases – assuming that
leptons are massless – a signal end-point is defined by
(m2
l˜±
−m2
χ˜01
)/ml˜± while the tt’s endpoint is (m
2
t−m2W)/mt ∼
135 GeV, providing a very powerful discriminating vari-
able for open spectra, i.e. ml˜± − mχ˜01 > O(100 GeV).
This approach can be applied to all sparticle direct pro-
duction cases (where the sparticle decays as SM partner
and the LSP). As for meff , if SUSY is discovered this
will provide a way to measure sparticle masses. Other
possibilities exist for mass constraining variables and
are described in Ref. [41].
3.3 Background modeling
As just discussed, the signal regions are generally lo-
cated in extreme regions of the phase space which are
not necessarily well understood and described in sim-
ulation. As a consequence, the number of remaining
background events in the signal region needs to be es-
timated as precisely as possible (to increase the sen-
sitivity to the SUSY signal), preferably without rely-
ing only on simulation. Several methods using data in
the background determination are possible, e.g. a semi
data-driven approach using background enriched ‘con-
trol’ regions (CR) in data, or even a fully data-driven
approach.
The fully data-driven approach is particularly suited
for background processes with very large cross sections
and fake EmissT -like dijet production, fake lepton/photon
in leptonic/photonic channels and long-lived particle
searches. The first type of background is estimated with
the jet smearing method, where the jet response for
well-measured and badly-measured jets is estimated in
dedicated samples (see more details in [42]). The second
type of background is estimated by counting the num-
ber of leptons/photons passing a loose leptons/photons
selection but failing a tight one. With the measure of
the true and fake lepton/photon efficiency to pass or
fail the tight criteria from dedicated orthogonal sam-
ples, it is possible to estimate the number of fake lep-
ton/photon in the tight selection. Finally, background
to long-lived particles is estimated with a template method.
The semi data-driven approach is particular suited
for SM processes with large cross section, as top-quark,
W-, or Z-boson production. The definition of the control
region is a trade-off between kinematic requirements as
similar as possible to the signal region to minimize sys-
tematics, the highest achievable purity and minimiza-
tion of the contamination from potential signal. This
is illustrated in Fig. 10. The simulation is normalized
to the event yield in the control region (scale factor),
and the background in the signal region is estimated by
extrapolating the background level via simulation from
the control region to the signal region (transfer factor).
9Determination from Monte Carlo simulations only
are generally adequate for backgrounds that are ex-
pected to be very small in the signal region (e.g. dibo-
son production for strong SUSY searches), or for rare
processes with very small cross sections (e.g. ttH or tri-
boson production).
Fig. 10 Parameters entering in the design of a control region.
Monte Carlo (MC) simulated event samples there-
fore play a central role in SUSY analyses. They allow
not only to develop and validate the analysis proce-
dure but also, in many cases, to evaluate the SM back-
grounds, and calculate the acceptance and efficiency of
the studied signal samples. SUSY analyses rely heavily
on the progresses made last 20 years in the calculations
and simulation of high Q2 processes in hadronic colli-
sions. Simulated samples of top (including ttW and ttZ)
and W- or Z-boson production with multiple jets are
produced with multi-parton generators such as ALP-
GEN [43], SHERPA [44] or MADGRAPH [45], with (in
some cases) up-to six additional partons in the matrix
element. The next-to-leading-order (NLO) generators
MC@NLO [46] and POWHEG [47,48,49] are gener-
ally used for top or diboson production. Parton shower
and fragmentation processes are simulated with either
HERWIG [50] or PYTHIA [51].
All SM backgrounds are then fed into a Geant4-
based [52] model of the CMS or ATLAS detector. Due
to the large amount of signal points, the signal events
are usually processed with a fast detector simulation [53,
54]. The effect of multiple proton-proton collisions from
the same or different bunch crossings is included in all
simulations by overlaying minimum bias events onto
hard-scattering events. The distribution of the number
of interactions per bunch crossing is reweighted in the
simulation to match the data.
Systematics are often estimated by comparing two
generators of the same type, by using different parton
distribution functions, and by changing the factoriza-
tion, renormalization and matching scales. The choice
of the generator is made case-by-case and is analysis de-
pendent: RPC strong production searches with a large
number of jets generally use multi-parton generators,
whereas EW production searches preferably use next-
to-leading order generators.
3.4 Limit extraction
After all cuts have been applied, the number of data
events n is counted in the signal region (’cut-and-count’
method). It is compared to the expected number of
SM events to enter the signal region. For that, a like-
lihood function for observing nB background events in
the signal region is constructed as the product of Pois-
son probability distributions for event counts in the sig-
nal region and each of the main control regions, and of
constraints for systematic uncertainties on the expected
yields, called nuisance parameters 4. The Poisson prob-
ability density functions also include free parameters,
for example to scale the expected contributions from
the major backgrounds. The free parameters and nui-
sance parameters are adjusted to maximize the likeli-
hood function. The result of the likelihood fit includes
therefore a set of estimates and uncertainties for the
background in the SR 5. The significance of an excess
is the probability that a background-only experiment is
more signal-like than observed and is computed follow-
ing the CLs prescription [55].
If no excess is observed, limits at 95% confidence
level (CL) are set. Note that to obtain more constrain-
ing limits, some analyses make use of the discriminant
variable shape. For each public result, efficiency maps
are provided to allow theorists to test their own mod-
els. Following an ATLAS-CMS agreement, the numbers
quoted for exclusion refer to the observed limit minus
one standard deviation.
4Nuisance parameters are modelled by a Gaussian probabil-
ity density function with a width given by the size of the
uncertainty.
5The procedure is checked by building ‘validation regions’ in
between the control and the signal and comparing with data.
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3.5 SUSY models for interpretation
The sensitivity of the SUSY searches are estimated by
three complementary approaches, given it is not possi-
ble to cover the entire parameter phase space.
First, constrained SUSY models are tested, where
boundary conditions at a high energy scale reduce the
number of parameters to a few making it realistic to
scan systematically. Benchmark models are MSUGRA/CMSSM [56,
57,58,59,60], minimal GMSB [61] and AMSB [62,63]
models. Each model corresponds to a particular SUSY
breaking messenger: gravity for the former and the lat-
ter and gauge bosons for GMSB. Similarly the LSP is
generally the bino-like χ˜01 for MSUGRA/CMSSM, the
wino-like χ˜01 for AMSB and always the gravitino for
GMSB.
Second, we have topological or simplified models [64,
65,66] where only a few SUSY particles are involved,
while the masses of all other SUSY particles are set to
multi-TeV values, out of range at the LHC. The cascade
decay of the remaining particles to the LSP, typically
with zero or one intermediate step, is only characterized
by the particle masses. These models are particularly
suited for direct sparticle production.
Finally, results can also be interpreted in phenomeno-
logical MSSM (pMSSM) [67] models where the number
of MSSM parameters is reduced to 19 by assuming the
absence of new sources of flavor changing neutral cur-
rents and CP violation and universality of the first and
second generation. By sampling a limited number of
pMSSM parameters, the sensitivity of the searches to
more ‘realistic’ configurations of SUSY particle masses
and branching ratios can be assessed.
4 Gluino and first/second generation of squarks
In the MSSM, TeV-scale squarks and gluinos produced
in pp collisions will decay promptly in long decay chains
containing mainly quark and gluon jets and the LSP.
SUSY events are therefore characterized by multiple en-
ergetic jets as well as transverse missing energy (EmissT )
originating from the undetected LSP energies; see Fig. 5.
Depending on the sparticle present (or not) in between
the squarks/gluinos and the LSP, charged lepton(s) and/or
photons could also appear in the cascade. This section
summarizes the present status of searches for gluinos
and first/second generation squarks when the χ˜01 is the
LSP (Sect. 4.1) and when the gravitino is the LSP
(Sect. 4.2).
4.1 SUSY models with χ˜01 as LSP
To improve the sensitivity to these models, searches are
usually divided in lepton veto (Sect. 4.1.1) and leptonic
(Sect. 4.1.2) searches. The former target more inclu-
sive or generic scenarios while the latter are generally
more optimal for specific models. In both cases, requir-
ing that some jets are originating from a b quark can
increase the sensitivity (Sect. 4.1.3). A summary is pro-
posed in Sect. 4.1.4.
4.1.1 Lepton-veto searches
The preferred gluino (squark) decay modes are g˜→ qq˜
(q˜ → qχ˜01, qg˜) which generate signatures with two to
≥10 jets. Low jet multiplicities probe squark-squark
(two jets or more), squark-gluino (three jets or more)
or gluino-gluino (four jets or more) production. Addi-
tional jets compared to the tree level processes originate
from initial- and final-state radiation jets (ISR/FSR) or
from the presence of a top quark in the decay chain. In
the last case, an increase of sensitivity is possible by
requiring the presence of one or several b-tagged jets
(see Sect. 4.1.3 for more details).
Several optimizations are possible depending on the
discriminating variables chosen, and this section only
discusses the already published results based on rect-
angular cuts on EmissT and HT [68], H
miss
T and HT [69]
on one side and EmissT significance [70] on the other side.
As an example Fig. 11 shows the EmissT significance dis-
tribution. The SM background, composed of W+jets,
Z(→ νν)+jets, tt and QCD multi-jets, peaks at low
EmissT significance value. A typical SUSY signal, where
gluinos of mass 900 GeV are pair produced and decay
each to a tt pair and a LSP of mass of 150 GeV, leads
to much higher values. The signal region is defined as
EmissT /
√
HT > 4 GeV
1/2.
In all lepton-veto analyses, the challenge is to prop-
erly estimate backgrounds that are poorly modeled by
Monte Carlo simulations: the QCD multi-jet background
is obtained with a jet smearing method or a template
method for the EmissT significance search. Z(→ νν)+jets
relies on close-by Standard Model process like γ+jets or
Z(→ µµ)+jets samples to get an estimate of Z(→ νν).
W+jets and tt are estimated by designing control re-
gions close to the signal regions – requiring one lep-
ton for example. Note that other searches with meff or
Razor as discriminating variables will become available
soon. Searches with αT are only available for half the
luminosity of 2012 data [71]. They are generally more
powerful but will not change the overall picture given
in the rest of this section.
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Fig. 11 Example of a discriminating variable: the EmissT sig-
nificance from [70].
All these searches are particularly efficient for open
spectra where the mass difference between the LSP and
the gluino/squark is large (∆M > O(500) GeV), provid-
ing high-energetic jets. This is for example the case in
the constrained SUSY model MSUGRA/CMSSM where
the two most relevant parameters, the universal scalar
and fermion masses at Grand Unified Theory (GUT)
scale, m0 and m1/2, are varied to construct a grid of
points 6. Figure 12 shows the limits obtained with the
EmissT significance search. Squark and gluino masses at
the EW scale are proportional to the m0 and m1/2
parameters and shown by the isolines which indicate
that gluino and degenerate squark masses below 1.2 TeV
are excluded. For equal degenerate squark and gluino
masses a limit of 1.3 TeV is reached.
Another way to represent the power of the lepton
veto searches is to use simplified models where g˜ →
qqχ˜01 decays are enforced. Here again a limit of 1.2 TeV
on the gluino mass is obtained (for massless LSPs), see
Fig. 13. However, for more compressed spectra the lim-
its degrade and LSP masses cannot be excluded beyond
550 GeV. A similar situation occurs when considering
mass-degenerate light flavor squarks forced to decay as
q˜ → qχ˜01; see Fig. 14. Compared to the gluino situ-
ation, the limits are degraded to 800 GeV for squark
masses (again in the case of massless LSPs), and LSP
6The other fixed parameters (tanβ, A0 and the sign of µ) are
chosen to accommodate a 126 GeV Higgs mass.
masses can not be excluded beyond 300 GeV. These lim-
its are reduced to 400 GeV and 100 GeV, respectively,
when only one light squark is considered.
Overall these results represent an increase of about
one order of magnitude compared to the previous lim-
its from Tevatron and LEP. From lepton-veto analyses,
the strongest limits are obtained for the gluino in open
SUSY spectra, and they exclude a large part of the fa-
vored region from naturalness (cf. Fig. 3).
Fig. 12 Typical exclusion limit at 95% CL from the lepton-
veto inclusive search in the MSUGRA/CMSSM scenario [70].
4.1.2 Leptonic searches
Requiring one or two isolated leptons (electron or µ) on
top of multi-jets and EmissT allows to probe other regions
of parameter space, and especially more compressed
mass spectra. The lepton generally comes from W lep-
tonic decays originating from chargino, top or slepton
decay. Experimental challenges drastically change: lep-
ton triggers can be exploited and requirements on jet
kinematics can be reduced. Lowering cuts on EmissT and
HT is possible since the multi-jet QCD background is
naturally suppressed by the presence of isolated lep-
ton(s). Very soft leptons (in the 6-25 GeV range) are
also considered to probe the compressed gluino-chargino-
LSP case [72]. Finally, other variables exists like the
transverse mass mT, which efficiently reduces tt and
W+jets backgrounds by requiring mT > mW, as dis-
cussed in Sect. 3.2. This allows to compensate the loss
due to the leptonic branching ratio(s) when compar-
ing with lepton-veto analyses. While this works well for
12
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Fig. 13 Exclusion limits at 95% CL on the gluino-gluino
production in the gluino-LSP mass plane [68]. The gluino
always decays as g˜→ qqχ˜01 and all other SUSY particles are
decoupled.
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Fig. 14 Exclusion limits at 95% CL on the squark-squark
production in the squark-LSP mass plane [68]. The squark
always decays as q˜ → qχ˜01 and all other SUSY particles are
decoupled.
single-lepton analyses to be competitive with lepton-
veto analyses, this is generally not sufficient when two
leptons are considered 7. In that case, it is more ad-
vantageous to consider two leptons of same-sign since
this signature is almost not produced by SM processes
and appears naturally in many SUSY decays. The two
reasons are : i) gluinos are Majorana particles and pro-
duced in pairs, therefore if leptons are present in each
leg they have 50% probability to be of same-sign, ii)
multi-W final states occur frequently through top and
chargino decays and leptonic W decay will ensure the
presence of two same-sign leptons in most cases. For
a same-sign dilepton analysis, the main background is
caused by the rare ttX (X = H,Z,W) SM processes,
fake leptons and mis-measured lepton charge because
of the process l→ lγ → lll where l inherits most of the
energy of the original lepton.
4.1.3 Multi b-tagged jet searches
As for leptons, identifying b-tagged jets in the multi-jet
final states can be a precious help, especially together
with leptons. This is particularly true for the decay
g˜ → t˜t → ttχ˜01 favored by the natural mass spectrum.
This will provide 4 tops+EmissT final states. Several ded-
icated analyses have been designed to reach this strik-
ing final state and obtain extra sensitivity compared
to lepton-veto analyses described in Sect. 4.1.1. Reduc-
ing the dominant tt→W+W−bb background is possi-
ble when considering i) a single isolated lepton and at
least five jets, two or three of which are identified as b-
tagged jets [73], ii) two same-sign leptons with one, two
or three b-tagged jets [74] 8. The best sensitivity is ob-
tained by the former, which can exclude gluino masses
up to 1.3 TeV for LSP masses below 600 GeV, assuming
a 100% branching ratio for the decay g˜→ t˜t→ ttχ˜01χ˜01.
The same-sign dilepton analysis allows one to probe
the compressed spectra part when one top is off-shell.
The relative strengths of the different analyses for this
model can be judged from Fig. 15. Similar results are
obtained for g˜→ bb˜L → bbχ˜01χ˜01.
4.1.4 Summary
Ultimate limits from the first LHC run on gluino and
squark masses when the χ˜01 is the LSP will be obtained
by combining all lepton-veto and leptonic analyses –
many results are still to come. However, it is already
fair to say that the most important constraint from the
7This final state could be very useful to determine SUSY
parameters but is generally not for discovery.
8Three b-tagged jets without a lepton is also considered but
no public results exist yet at
√
s =8 TeV.
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Fig. 15 Exclusion limits at 95% CL on the gluino-gluino pro-
duction in the gluino-LSP mass plane for a simplified model
where gluino decays promptly via off-shell top squark and a
LSP. The other sparticle masses are assumed to be decoupled.
Four different analyses are shown.
LHC experiments is the exclusion of the gluino mass
below 1 TeV for open spectra. This fairly generic limit
excludes a great part of the favored region from natu-
ralness (cf. Fig. 3). Since the gluino mass is governed by
only one parameter (M3), and enters in the top squark
and EWKino masses through loop corrections, this has
the general effect to pull up the whole natural spec-
trum [75]. Compressed spectra are still poorly explored,
but more work is still going on to exploit monojet-like
final states provided by ISR/FSR. Extra sensitivity will
also be brought by analyses based on reduced lepton
and jet thresholds – this is possible when the peak
luminosity decreases at the end of a LHC run. An-
other important information is coming from the LSP
mass constraint which can reach up to 600 GeV in lep-
tonic analyses, though it is less generic than the gluino
limit. Finally, squark-mass constraints are more model-
dependent and single squark-mass limits are at most of
500 GeV.
4.2 SUSY models with G˜ as LSP
SUSY scenarios where the gravitino is the LSP generate
a variety of final states, driven by the NLSP-gravitino
coupling. While some of these final states are common
with Sect. 4.1 – when the NLSP is the gluino or a
squark, some need the development of new dedicated
analyses – when NLSP is a slepton, chargino or neu-
tralino. The most natural solution is χ˜01 as the NLSP,
leading to final states with extra γ, Z or h0, depending
on the SUSY parameters.
Among all possible final states, the ones containing
photons, jets and EmissT from the gluino/squark cascade
could have escaped searches described in Sect. 4.1. In
this case, the most dangerous background is caused by
multi-jet or γ+jets events when the jet is mimicking
a photon. This background type can be drastically re-
duced with a good photon/jet rejection – measured to
be O(104) in the H → γγ channel – and by requiring a
high value for EmissT . The other type of background are
SM electroweak processes, especially W(→ eνe)γ, where
the electron is reconstructed as a photon and true EmissT
is caused by the neutrino. In both cases, data-driven
methods are used for the background estimate. As an
example, the distribution of EmissT , the main discrimi-
nating variable for the γγ searches is shown in Fig. 16. A
high sensitivity is observed for the SUSY signal at high
EmissT . Assuming a bino-like χ˜
0
1 NLSP, Fig. 17 shows
that it is possible to exclude gluino masses below 1 TeV
regardless of the NLSP mass [76].
N
um
be
r o
f E
ve
nt
s 
/ G
eV
-210
-110
1
10
210
310
410 DataTotal Background Uncertainty
QCD
Electroweak
 (1040/1520/375)γγGGM 
 (1600/1280/375)γγGGM 
 1jet≥'s,  γ 2≥   -1 = 4.93 fb
 int = 7 TeV                LsCMS      
 [GeV]missTE
0 20 40 60 80 100 120 140 160 180D
at
a/
Bk
g.
0
1
2
Fig. 16 EmissT distribution in the diphoton analysis [77].
When the χ˜01 is higgsino-like, the preferred solution
from naturalness arguments, χ˜01 → h0(→ bb)G˜ final
states is expected. No analysis presently attempts to
search for a 4b +EmissT final state. However assuming
that χ˜01 is also partly bino-like, the signature will be
γ+ b + EmissT and has been searched for. A second pho-
ton and a lepton veto are applied to remain orthogonal
14
Fig. 17 Exclusion limits at 95% CL on the gluino-
gluino production in the gluino-LSP mass plane from the
diphoton+EmissT analysis [76]. The simplified model assumes
a bino-like NLSP and a gravitino LSP. The other sparticle
masses are assumed to be decoupled.
with other searches and remove final states with lep-
tonic W decays [78]. In this case also the gluino mass
limit reaches around 1 TeV, as shown in Fig. 18.
Fig. 18 Exclusion limits at 95% CL on the gluino-gluino pro-
duction in the gluino-LSP mass plane from the γ+ b + EmissT
analysis [78]. The simplified model assumes a higgsino-like
NLSP. The other sparticle masses are assumed to be decou-
pled.
All other NLSP cases are generally already well cov-
ered by the searches discussed in Sect. 4.1 [12]. How-
ever, it is possible to gain a bit in sensitivity by search-
ing for one or two τ+jets+EmissT final states [79,80],
especially when τ˜ is the NLSP or co-NLSP with other
sleptons. In this case, it is possible to combine with a
2lepton+jets+EmissT search [72] and even a 3lepton+jets+E
miss
T
search [81]. In all cases, the gluino mass limit is always
above 1 TeV.
As for models with the χ˜01 as LSP, SUSY scenar-
ios where the G˜ is the LSP provide strong constraints
on sparticle masses and particularly on the gluino mass
which is generally excluded below 1 TeV whatever the
NLSP nature and mass are. Less stringent limits are
obtained for squarks. It is worth to note that these con-
clusions are based on 7 TeV results – presently only one
8 TeV result is available.
5 Third generation of squarks
As already discussed in Sect. 2, naturalness predicts
light third-generations squarks. Another motivation for
the third-generation squarks to be the lightest colored
sparticles is that the squark mass eigenstates (q˜1, q˜2)
depend on orthogonal combinations of the gauge eigen-
states (q˜R, q˜L), e.g. for the lighter squark given by q˜1 =
q˜L cos(Θq˜) + q˜R sin(Θq˜). The off-diagonal elements of
the mass matrix Θq˜ are proportional to the mass of
the SM partner particle, the Higgs-related parameters
µ and tanβ. Therefore, the mass of the t˜1, predomi-
nantly t˜R, can be small due to the large top quark mass
and the b˜1 mass is expected to be light for large tanβ.
For small tanβ the b˜L is still expected to be small due
to the effects of the large top Yukawa coupling as it is
part of the doublet containing t˜L.
The following two sections review the status of the
searches for models with χ˜01 being the LSP (Sect. 5.1),
and the G˜ being the LSP (Sect. 5.2).
5.1 SUSY models with χ˜01 as LSP
If the third-generation squarks are lighter than gluinos,
they are likely to appear in gluino decay chains. But if
the gluino masses are too heavy to be produced at the
LHC energy, searches for direct third-generation squark
pair production might be the only way to observe them,
even though these branching ratios are more than one
order of magnitude lower than those for gluino-gluino
production (see Fig. 4).
For top squarks, the possible decays and therewith
connected search strategies depend on the masses of
the accessible particles. Assuming that the t˜1, the χ˜
±
1
and the χ˜01 are the only accessible SUSY particles, the
possible decays in the mt˜1 – mχ˜01 parameter plane are
displayed in Fig. 19.
The most obvious decay chain is given for mt˜1 >
mt + mχ˜01 : here the top squark will decay either like
t˜ → tχ˜01 or t˜ → bχ˜±1 , where χ˜±1 → W±χ˜01, with cross
sections depending on the χ˜±1 mass. In both cases this
gives two W bosons, resulting in a large probability to
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Fig. 19 Overview of the possible top squark decays depend-
ing on the mass of the t˜1 and the χ˜01.
have (at least) one electron or muon in the final state.
Hence, the searches requiring zero or one lepton in the
final state are the strongest. Zero-lepton searches are
expected to have a slightly higher reach in the t˜1 mass
for low χ˜01 masses, while one-lepton analyses tend to
reach closer to the diagonal line at mt˜1 − mχ˜01 = mt.
The region around this line is very difficult to cover
with current searches, as the kinematics of the decay are
similar to the SM top decay kinematics. An option to
test this parameter space exists for cases where the t˜2 is
not too heavy either. A decay chain to search for would
be t˜2 → Zt˜1. Requiring same-flavor dileptons from the
Z boson decay in addition to a lepton from the t˜1 → tχ˜01
decay provide a powerful background rejection [82].
When the t˜1 is lighter than the top, in the region
defined by mb + mW + mχ˜01 < mt˜1 < mt + mχ˜01 the
top squark will decay as t˜→ bχ˜±1 , with the subsequent
decay χ˜±1 → W±χ˜01. This can best be tested with an
analysis requiring two leptons and two b-tagged jets,
which also has sensitivity to the three-body decay t˜→
bW±χ˜01, which becomes important for high χ˜
±
1 masses.
Also a one-lepton search has sensitivity in this area, as
shown below.
For mt˜1 < mb +mW +mχ˜01 , t˜1 is expected to decay
to cχ˜01. This case is best tested with a monojet analysis
which can contain a charm-tag as well, which is not
yet published. The results of top squark searches are
discussed in Sect. 5.1.1.
Searches for the decay of the bottom squark via b˜1 →
bχ˜01, are usually performed in zero-lepton analyses re-
quiring two b-tagged jets, as no prompt leptons are
expected from b decays. If mb˜1 > mt + mχ˜01 , the de-
cay b˜1 → tχ˜−1 , with χ˜−1 → W−χ˜01, is open as well,
and searches with lepton signatures are again advis-
able, e.g. a same-sign dilepton search is well suited due
to the low SM background in this channel. For b˜ de-
cays to a bottom quark and χ˜02, the χ˜
0
2 can decay with
a certain probability to a Z or Higgs boson and χ˜01. The
additional boson could be tagged to further reduce the
background. The results of bottom squark searches are
discussed in Sect. 5.1.2.
5.1.1 Search for direct top squark production
The first search [83] discussed here is focused on the
direct production of two top squarks, with two possible
decay modes of the top squark: t˜→ tχ˜01 and t˜→ bχ˜±1 ,
with χ˜±1 →W±χ˜01, for which a one-lepton final state is
a favorable final state.
The dominant tt background, where both W bosons
decay leptonically, is reduced by the quantitymWT2, which
is defined as the minimum mother particle mass com-
patible with all transverse momenta and mass-shell con-
straints [84]. This variable is similar to the mT2 (cf.
Sect. 3.2). mWT2 has by construction an endpoint at the
top-quark mass in case of a di-leptonic top-quark de-
cay, where one lepton is not identified or lies outside
the acceptance of the analysis. In the search for the
decay t˜ → tχ˜01, the dilepton tt background is further
suppressed by requiring that three of the jets in the
event are consistent with the t → bW → bqq decay
chain.
The exclusion limits are shown in Fig. 20 for the
simplified model describing t˜ → tχ˜01. Here the top is
unpolarized, where a maximum limit of 620 GeV for the
top squark mass and of 225 GeV for the χ˜01 mass can be
set. In case of 100% right-handed tops one would expect
leptons with larger pT leading to a larger acceptance,
and hence to an extension of the limit at high masses by
25–50 GeV. Accordingly, a 100% left-handed top would
reduce the limit by the same amount. Also, one has to
take into account that the simplified model assumes a
probably too optimistic branching fraction of 100%. If
the branching fraction would be reduced to 60% with
no possibility to detect other decay chains, the excluded
limit would drop to mt˜ < 500 GeV and mχ˜01 < 125 GeV.
Effects of similar size are also observed for the sim-
plified model describing t˜ → bχ˜±1 , with χ˜±1 → W±χ˜01.
Fig. 21 shows this model for the unpolarized chargino,
left-right symmetric Wχ˜01χ˜
±
1 coupling, and the mass pa-
rameter of the χ˜±1 set to mχ˜±1 = xmt˜ +(1−x)mχ˜01 with
x = 0.5. For a larger mass parameter (with x = 0.75)
the excluded top squark and χ˜01 mass is shifted up by
about 25–50 GeV, while for a lower mass parameter
(x = 0.25) the limit becomes slightly weaker. For right-
handed charginos and right-handed Wχ˜01χ˜
±
1 couplings
the limit is up to 50 GeV stronger, while it is weaker
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Fig. 20 Exclusion limits at 95% CL on the top squark pair
production in the top squark-LSP mass plane for a simpli-
fied model assuming t˜ → tχ˜01 [83]. All other sparticles are
decoupled.
for other combinations of polarizations of chargino and
Wχ˜01χ˜
±
1 couplings. Searches for top squarks can also
be performed in 2-lepton final states [85] and leads to
slightly less stringent results, which are compatible with
the single-lepton search results.
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model assuming t˜→ bχ˜±1 , with χ˜±1 →W±χ˜01. The χ˜±1 mass
parameter is x = 0.5 (see text) [83]. All other sparticles are
decoupled.
In summary, top squarks around 600 GeV can be ex-
cluded for χ˜01 masses lower than 200 GeV, assuming that
χ˜±1 and χ˜
0
1 are the only lighter SUSY particles, in which
case the branching fractions for the investigated decays
are large. This result excludes for the first time a large
part of the phase space allowed by naturalness. Here
it should be mentioned that the limit is not so strong
for models with rich EWKino and slepton spectra with
masses below the top squark mass. In such models many
more decay chains may open up, leading partly to very
soft objects in the final state and therefore deteriorating
the acceptance and hence the achievable limit.
5.1.2 Search for direct bottom squark production
Assuming b˜1 → bχ˜01, the search for direct bottom squark
production can be performed by requiring a lepton-
veto, two b-tagged jets and a moderate amount of miss-
ing energy due to the LSPs (EmissT > 150 GeV) [86].
Further discriminating variables are the minimum an-
gle ∆Φ between the EmissT vector and either of the three
highest-pT jets, which is expected to be larger for sig-
nal than for background from multi-jet events, and a re-
quirement on the contransverse massmCT (cf. Sect. 3.2),
which is displayed in Fig. 22.
Fig. 22 The mCT distribution with all selection criteria ap-
plied except for the mCT thresholds [86].
Fig. 23 shows the exclusion limit for direct bottom
squark pair production. Bottom squark masses up to
620 GeV and χ˜01 masses up to 260 GeV are excluded
at 95% CL. Up to bottom squark masses of 300 GeV,
mass differences of at least 50 GeV between b˜ and χ˜01
can be excluded. Again, these limits correspond to a
branching fraction of 100%. If a lower branching frac-
tion of 60% and no possibility to detect other decay
chains is assumed, the limit drops to mb˜ < 520 GeV and
mχ˜01 < 150 GeV. Note that this search is also sensitive
to the direct production of top squarks with subsequent
decay to t˜ → bχ˜±1 , with χ˜±1 → W±χ˜01. The sensitivity
of this search is comparable to the one-lepton search
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discussed above for small chargino-neutralino mass dif-
ferences of a few GeV, where the leptons are too soft
to be detected.
Fig. 23 Exclusion limits at 95% CL on the bottom squark
pair production in the bottom squark-LSP mass plane for a
simplified model assuming b˜→ bχ˜01 [86]. All other sparticles
are decoupled.
The results of the same-sign dilepton search [74],
discussed in Sect. 4.1.2, can also be interpreted in terms
of a direct bottom squark search, where the bottom
squarks are pair-produced and then each decay as b˜→
tχ˜−1 , with χ˜
−
1 →W−χ˜01 (and charge conjugate, respec-
tively). Here, same-sign dileptons can originate from
leptonic top-quark and W-boson decays. Bottom squark
masses below 500 GeV can be excluded for chargino
masses up to 350 GeV and neutralino masses up to
150 GeV, if mχ˜01/mχ˜±1
= 0.5. Slightly higher neutralino
masses, up to 180 GeV can be excluded for mχ˜01/mχ˜±1
=
0.8.
In summary, directly produced bottom squark have
been searched for the first time in the region predicted
by naturalness. Bottom squark masses below 600 GeV
up to χ˜01 masses of 250 GeV can be excluded assuming
large branching fractions to the examined final states.
5.2 SUSY models with G˜ as LSP
GMSB models where only the t˜R and the higgsinos are
accessible [87] provide a perfect example of a natural
scenario. The lightest chargino and the two lighter neu-
tralinos are almost pure higgsinos and therefore nearly
mass-degenerate which correspond to scenario (c) of
Fig. 2. The following decay is therefore considered t˜R →
χ˜+1 b → ff ′χ˜01b → ff ′h0(→ γγ, bb)G˜b where f and f′ are
low-energetic quarks or leptons. SM background events
are suppressed by requiring the invariant mass of two
photons to be within the Higgs mass window, exploiting
the sidebands for the background estimation. In addi-
tion, two b-tagged jets are required, originating from
the top squark decay. As shown in Fig. 24, top squark
mass below 360 to 410 GeV are excluded, depending
on the higgsino mass. Note that the direct χ˜+1 χ˜
−
1 pro-
duction channel can have a similar final state when b-
tagged jets are coming from one of the h0. Considering
this decay therefore increases the sensitivity for low χ˜01
mass and top squark mass above 300 GeV, where the
χ˜+1 χ˜
−
1 production cross section dominates over direct
top squark production.
Fig. 24 Exclusion limits at 95% CL on the top squark pair
production in the top squark-LSP mass plane for a simplified
model assuming t˜R → χ˜+1 b. Further assumptions are that χ˜+1
is higgsino-like, χ˜01 is the NLSP decaying as χ˜
0
1 → h0G˜ and
G˜ is the LSP [87].
For the top squark decay considered, other final
states can occur as well. First the two Higgs bosons
could decay as h0 → ZZ → llll instead of γγ/bb. Sec-
ond the lightest neutralino could also decay as χ˜01 →
Z(→ ll)G˜ giving Zh0 or even ZZ final states. In all
of these cases, the multilepton analysis [81], described
in Sect. 4.2, is particularly sensitive. Models with a
branching ratio of 100% for χ˜01 → ZG˜ and a branch-
ing ratio of 50% for each χ˜01 decay are considered. As
shown in Fig. 25, for a branching ratio of 100% to Z
bosons and G˜, top squark masses below 510 GeV can
be excluded for χ˜±1 masses of up to 450 GeV. The limits
for the other two cases are weaker.
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Fig. 25 Exclusion limits at 95% CL on the top squark pair
production in the top squark-LSP mass plane for a simplified
model assuming t˜1 → χ˜+1 b. Further assumptions are that χ˜+1
is higgsino-like, χ˜01 is the NLSP decaying as χ˜
0
1 → ZG˜ and G˜
is the LSP [81].
In summary, the mass reach of GMSB top squark
searches is about 200 GeV weaker than for models with
χ˜01 as LSP. No dedicated bottom squark search in the
GMSB model is published yet, but similar limit should
be obtained since the final state b˜1 → χ˜01b is very sim-
ilar to that of the top squark (˜t1 → χ˜+1 b → ff ′χ˜01)
when the low-energetic fermions f and f′ are not recon-
structed.
6 ElectroWeak SUSY sector
In natural SUSY, many weakly interacting particles are
expected to be close to the EW scale. Searches for neu-
tral and charged Higgses with positive R-parity are pre-
sented in Sect. 6.1. Searches for partners of the Higgses
and electroweak gauge bosons, called electroweakinos
(EWKinos) are discussed in Sect. 6.2. Finally limits on
sleptons are discussed in Sect. 6.3.
6.1 SUSY Higgses
As already mentioned in Sect. 2, the Higgs boson dis-
covered is assumed to be the lightest neutral Higgs of
the MSSM (h0). It is worth to note that a value of
126 GeV is close to the upper mass bound possible for
h0 in MSSM and requires O(1 TeV) top squark mass or
a fine-tuned value of top squark mixing. This creates
a tension with the natural SUSY spectrum where top
squark mass should be 600 GeV maximum. Results of
searches are extensively discussed in [9] of this review.
This section therefore proposes only a short summary.
Extra neutral and charged Higgses, which preferen-
tially couple to the most massive down-type fermions,
are actively searched. At tree level, their masses only de-
pend on tanβ and mA0
9. At LHC, neutral Higgses are
produced singly or accompanied by b-jet(s) and decay
via τ+τ−, bb and more marginally µ+µ− final states.
Charged Higgses with lower masses than the top quark
will predominantly appear in the top decay via t →
bH±. When charged Higgses have higher masses than
the top quark, they will be produced in association with
top and bottom quarks. In both cases, they mainly de-
cay via H± → τ±ν. Results from searches favor neutral
and charged SUSY Higgses with masses higher than h0,
even if no model-independent limits exist yet.
It worth to mention that more intricate searches are
also investigated. For example, searches for a topology
in which a H0 decays via a cascade of lighter charged
and neutral Higgs bosons 10 have been performed by
ATLAS [88].
6.2 EWKinos
As discussed in Sect. 2, neutralino and chargino masses
are obtained by mixing gauge eigenstates. The sensi-
tivity to the three typical scenarios shown in Fig. 2
and corresponding to (a) bino-like, (b) wino-like and (c)
higgsino-like χ˜01 are now reviewed both for χ˜
0
1 (Sect. 6.2.1)
and the gravitino (Sect. 6.2.2) being the LSP.
6.2.1 SUSY models with χ˜01 as LSP
At LHC, most efforts concentrate on processes involv-
ing the two lightest neutralinos (χ˜01, χ˜
0
2) and the lightest
chargino (χ˜±1 ). Assuming that the EWKinos are the
lightest sparticles of the spectrum (Fig. 3), the main
production occurs via the s-channel exchange of a vir-
tual gauge boson. EWKinos then naturally decay as
χ˜02 → Z/h0(∗)χ˜01 and χ˜±1 → W(∗)χ˜01. Given the low
values of cross sections compared to SM backgrounds,
searches are conducted most of the times for leptonic
decays of Z and W, giving 1-4 leptons+EmissT final states.
Note that an excess in these channels could well be the
only SUSY signal at LHC if colored sparticles are too
heavy or decay through intricate chains.
At LHC, scenario (a) with bino-like χ˜01 and wino-
dominated χ˜02 and χ˜
±
1 is the most favorable scenario
especially when the mass difference between χ˜02 and
χ˜±1 and the LSP allows for on-shell Z, h
0 and W. The
9For charged Higgses m2
H± = m
2
A +m
2
W at tree level. Other
SUSY parameters enter via radiative corrections and are fixed
to particular benchmark values, chosen to exhibit certain
MSSM features.
10H0 →W∓H± →W∓W±h0 →W∓W±bb
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highest cross section is coming from χ˜±1 χ˜
0
2 production,
covered by a 3-lepton+EmissT search. Most sensitive sig-
nal regions require the three leptons to be electrons or
muons (the leading one should have pT > 25 GeV) and
the invariant mass of the two same-flavor opposite-sign
leptons (mSFOS) to be close to the Z-boson mass. Fur-
ther discrimination is obtained by selecting ranges of
EmissT and mT (formed with E
miss
T and the lepton not
forming the SFOS lepton pair). The search sensitiv-
ity is driven by the ability to reduce and control the
WZ background. Assuming mass degeneracy between
χ˜±1 and χ˜
0
2, stringent limits are obtained on EWKinos
: mχ˜02,χ˜
±
1
< 340 GeV for LSP masses lower than 70 GeV
are excluded [89] 11. Recent efforts were made to cover
the case where Z and/or W are not on-shell and where
h0 is present in the decay. This is done by consider-
ing bins of mSFOS outside the Z-mass and requiring
the presence of tau-lepton(s). In this case the reducible
background coming from jets or photons faking leptons
is also of importance and could dominate over WZ, al-
tering the sensitivity to this more compressed EWKino
mass spectrum. However, together with the increase in
luminosity and
√
s, this provides considerable improve-
ment over 7 TeV results, even if the compressed scenario
case still has poor sensitivity.
The 3-lepton+EmissT final state is less favorable for
scenario (a) where M1  µ < M2 since the χ˜±1 χ˜02 pro-
duction cross section is divided by 3 due to the lower
coupling of the higgsino to SM gauge bosons. Similarly
scenario (b) suffers from the too large χ˜±1 -χ˜
0
2 mass dif-
ference. Finally, no sensitivity is expected from scenario
(c) because of the closeness of χ˜±1 , χ˜
0
2 and χ˜
0
1, resulting
in too soft objects in the final state. To partially recover
the sensitivity, other channels with 2-lepton+EmissT final
state targeting the search for χ˜+1 χ˜
−
1 →W+(→ l+ν)W−(→
l−ν)χ˜01χ˜
0
1 and χ˜
+
1 χ˜
0
2 → W+(→ qq′)Z0(→ l−l+)χ˜01χ˜01
are being developed [90]. In scenario (a) with mass-
less χ˜01, the former excludes chargino masses in the
range 120 < mχ˜±1
< 160 GeV while the latter ex-
tends further the χ˜±1 /χ˜
0
2 mass limit to 410 GeV; see
Fig. 26. Other modes like χ˜+1 χ˜
0
1 → W+(→ l+ν)χ˜01χ˜01
and χ˜02χ˜
0
1 → Z0(→ l+l−)χ˜01χ˜01 are not yet explored due
to the very low cross section and overwhelming inclu-
sive W and Z cross section. Finally, even in the most
favorable scenario, (a), χ˜01χ˜
0
1 and χ˜
0
2χ˜
0
2 productions are
heavily suppressed at production level – O(1 fb) for
100 GeV χ˜ mass – and cannot be searched for at LHC
even in dedicated monojet analyses [91,92].
11Note that with no mass degeneracy these upper bounds can
be significantly lower.
Fig. 26 Exclusion limits at 95% CL on the χ˜±1 χ˜
0
2 produc-
tion in the χ˜±1 -LSP mass plane [90] for a simplified model
assuming χ˜±1 and χ˜
0
2 are mass degenerate and decay via
χ˜±1 → W±(∗)χ˜01 and χ˜02 → Z0(∗)χ˜01. All other SUSY par-
ticles are decoupled.
6.2.2 SUSY models with G˜ as LSP
As for the strong production, new final states and search
possibilities can emerge when the gravitino is the LSP.
In scenario (a), the final state will contain two ad-
ditional photons, reducing drastically the background
from gauge bosons and therefore increasing the reach
in mass. Reinterpreting the two 2-photons+EmissT anal-
ysis described in Sect. 4.2, and considering χ˜±1 χ˜
0
1 pro-
duction which have the highest cross section, exclude
mχ˜±1
< 550 GeV independently of the χ˜01 mass [77]. Sim-
ilarly scenario (b) implies χ˜±1 →W+G˜ and χ˜01 → γ/ZG˜
and it could be searched for in the 1-lepton+1-photon
channel, but no publication exists yet. Finally, scenario
(c) is accessible thanks to the decay χ˜01 → γ/Z/h0G˜
where the branching ratios to γ, Z and h0 depend pri-
marily on tanβ and on the mass difference between
χ˜01 and G˜. In case of Z-rich higgsino (low tanβ value
and positive µ), final states with 4-leptons+EmissT or
2-leptons+2-jets will provide interesting sensitivity, as
shown in Fig. 27 for the 2011 LHC data [93]. Mixed
Z/h0 (higher tanβ value) scenarios can be covered by
2leptons+2b+EmissT final states. h
0-rich higgsino sce-
narios (low tanβ value and negative µ) can be covered
by 4b+EmissT .
More complicated situations can occur beyond the
three scenarios discussed in Fig. 2. For example, if M1
and µ are approximately equal and the NLSP is a bino/higgsino
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admixture, large branching ratios to photons and Higgs
bosons are generated. Then the 1b+photon+EmissT final
state, described in Sect. 4.2, can exclude χ˜01 masses be-
tween 200 and 400 GeV, see Fig. 18.
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Fig. 27 Exclusion limits at 95% CL on the production cross
section of higgsino like EWKinos χ˜01, χ˜
0
2,χ˜
±
1 . The decay of the
NLSP χ˜01 → Z0(∗)G˜ is forced and all other SUSY particles
are decoupled [93].
In conclusion, EWKino searches provide presently much
weaker constraints on the natural SUSY scenario than
the strong production searches. Limits are still model-
dependent and rely on many assumptions. More results
are still expected in the near future, and ultimately the
limits should be set in the pMSSM to understand better
how complete the current searches are. Given that, it
is fair to say that a complete exploration of this sector
is still to come and will greatly benefit from the high
luminosity program of LHC.
6.3 Sleptons
Sleptons (e˜, µ˜, τ˜ and ν˜) are governed by 5 parame-
ters: masses of the left-handed and right-handed e˜/µ˜,
which are assumed to be mass degenerate in the MSSM,
masses of the left-handed and right-handed staus and
the stau mixing angle. ν˜ masses can be related to the
charged slepton parameters. From naturalness arguments
O(1 TeV) slepton masses are expected: the very low
slepton production cross section, see Fig. 4, will there-
fore prevent their discovery. However, searching for O(500 GeV)
sleptons could be achievable with high luminosity. The
reason is that these very low cross sections with respect
to EWKino production, are largely recovered by the
more favorable branching ratio BR(˜l+ → l+χ˜01)=100%
compared to leptonic branching ratios of W and Z. Lep-
ton searches rely almost entirely on the very powerful
discriminant variables like mT2 or mCT and electron(s)
or muon(s) in the final states (presently no sensitiv-
ity is obtained for staus). Like in the direct bottom
squark search (Fig. 22), the edge of slepton events with
ml˜ −mχ˜01 >O(100 GeV) appears far above the top and
WW background ones.
The most promising final state is 2-lepton+EmissT ,
coming from l˜+ l˜− → llχ˜01χ˜01. Mass degenerate left- and
right-handed selectrons and smuons are excluded below
325 GeV masses for massless neutralinos, largely ex-
ceeding the LEP limit, as shown in Fig. 28 [90]. Upper
limits for left- and right-handed slepton masses are also
obtained and give 250 GeV and 300 GeV for massless
neutralinos.
Direct slepton production can also be searched when
the gravitino is the LSP. Various final states can be con-
sidered depending on the nature of the NSLP generat-
ing final states very similar to the EWKino searches.
A particular interesting one corresponds to the NSLP
slepton scenario where right-handed e˜/µ˜ decay to an
electron/muon and a right-handed τ˜R gives a tau and a
gravitino. This generates a multilepton final state which
lepton multiplicity depends on the tau decay [81]. τ˜R
masses can then be excluded up to 200 GeV.
Fig. 28 Exclusion limits at 95% CL on the slepton-slepton
production in the slepton-LSP mass plane. The slepton de-
cay l˜→ lχ˜01 is forced and all other SUSY particles are decou-
pled [90].
21
To be complete, a very favorable situation arises if
the sleptons are interleaved between χ˜02/χ˜
±
1 and χ˜
0
1 in
scenario (a). Two cases can be envisaged : assume that
all sleptons are mass-degenerate (a1) and consider that
only τ˜ and ν˜τ are light (a2). In both cases, the EWKinos
will couple to the sleptons generating 2-leptons+EmissT
and 3-lepton+EmissT final states with higher σ× BR
than in the direct slepton or direct EWKino case dis-
cussed previously in this section. If the slepton masses
are exactly in between χ˜02/χ˜
±
1 and χ˜
0
1, mass limits reached
in Fig. 26 are increased by a factor 2 to 3 for scenario
(a1) and remain similar for scenario (a2) [89].
7 Escape routes: R-parity violation, long-lived
particle searches and beyond MSSM signatures
Given the absence of signal from plain vanilla MSSM
signatures, it is of paramount importance to look at
scenarios where R-parity is violated (Sect. 7.1) and/or
sparticle decays are not prompt (Sect. 7.2). In both
cases, the stringent limits discussed in Sect. 4, 5 and 6
generally do not apply. Pushing further this idea, sensi-
tivity to signatures appearing in scenarios beyond MSSM
are also discussed in Sect. 7.3.
7.1 R-parity violation searches
R-parity conservation implies pair production of the su-
perpartners and requires the lightest superpartners to
be stable, leading to typical missing transverse energy
signatures in the detector. If R-parity is not conserved
these constraints do not exist anymore and dedicated
searches need to be performed.
In RPV scenarios, the current limits of the proton
decay can be met if only either B or L (and not both)
is violated and the violation is sufficiently small [94].
Such models can also accomodate non-zero neutrino
masses and neutrino oscillations. The RPV superpoten-
tial WRPV includes three trilinear terms parameterized
by the 48 Yukawa couplings λijk, λ
′
ijk, λ
′′
ijk:
WRPV =
1
2
λijkLiLjE¯k + λ
′
ijkLiQjD¯k + λ
′′
ijkU¯iD¯jD¯k ,
(3)
where i, j, k are generation indices, L and Q the SU(2)L
doublet superfields of the leptons and quarks, and E¯,
D¯ and U¯ the SU(2)L singlet superfields of the charged
leptons and the up- and down-type quarks.
The nature of the LSP – which is neutral and col-
orless in R-parity conserving models – might be differ-
ent in RPV models and might be charged and/or carry
color as well.
Searches for models with leptonic RPV interactions
(λijk 6= 0 or λ′ijk 6= 0) are discussed in Sect. 7.1.1
and 7.1.2, respectively, while the quark RPV interac-
tions (λ′′ijk 6= 0) are reviewed in Sect. 7.1.3. Because of
present constraints on RPV couplings, the values con-
sidered are generally in the range O(10−2−10−5). If the
phase space for the LSP decay is very small (λ < 10−5),
it might also be long-lived. Such cases are covered in
Sect. 7.2.
7.1.1 Search for leptonic RPV interactions (λijk 6= 0)
With leptonic RPV interactions, multi-lepton final states
are expected, which is particularly favorable at LHC
where the QCD background overwhelmingly dominates.
The plethora of models considered is discussed in the
same order as for the RPC models, starting with strong
production, then focussing on the third-generation, EWKino
production and, finally, slepton production.
As first example, a search with four or more leptons
(electrons or muons) in the final state is discussed [95].
A non-zero coupling of λ121 is chosen as a representa-
tive model. To veto low-energy resonances, the invari-
ant mass of any opposite-sign same-flavor pair must
be above 20 GeV and outside a window around the
Z-boson mass. Two signal regions according to differ-
ent signal scenarios are defined. The first one requires
EmissT > 50 GeV, to be sensitive to models with miss-
ing energy originating from neutrinos. As an illustra-
tion, the EmissT distribution is displayed in Fig. 29. The
other one is tuned to scenarios with a large multiplicity
of high-pT objects originating from heavier sparticles,
by requiring meff > 300 GeV.
The strong production case is considered by look-
ing at a full model, taken from Ref. [96], and tested
in a MSUGRA/CMSSM parameter plane (m1/2, tanβ),
for m0, A0 both zero, µ positive, and λ121 = 0.032
at the unification scale. In this model, the τ˜1 is the
LSP and decays through a virtual slepton or sneutrino
as τ˜1 → τeµνe or τ˜1 → τeeνµ. Values of m1/2 below
820 GeV are excluded for 10 < tanβ < 40. Note, how-
ever, that weak processes contribute to the SUSY pair
production, dominating for m1/2 > 600 GeV. Therefore,
a corresponding gluino mass below 1 TeV is excluded in
this model.
Multi-lepton final states can also arise when grav-
itino is the LSP and all right-handed sleptons are fla-
vor degenerate – known as slepton co-NLSP scenario.
Pair-produced gluinos and squarks eventually decay to
the χ˜01, which further decays to a slepton and a lepton,
with the (right-handed) slepton decaying further to an-
other lepton and the gravitino, yielding four leptons in
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Fig. 29 EmissT distribution for events with at least four lep-
tons and no Z-boson candidates. “SUSY ref. point 1” is a sim-
plified model point defined by mχ˜±1
= 500 GeV and mχ˜0
1
=
300 GeV, while “SUSY ref. point 2” is a MSUGRA/CMSSM
model point defined by m1/2 = 860 GeV and tanβ = 37 [95].
the final state. Gluino masses below 1.2 TeV and squark
masses below 1 TeV can be excluded with a 7 TeV anal-
ysis [97], assuming an RPV coupling of λ123 = 0.05 as
shown in Fig. 30.
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Fig. 30 Exclusion limits at 95% CL in the squark and gluino
mass plane for a GMSB RPV model with λ123 = 0.05 [97].
Leptonic RPV interactions can also arise in a search
for direct top squark production [98], where each top
squark decays to a top quark and an intermediate on-
or off-shell bino which decays further through leptonic
RPV interactions (λ122 or λ233), via χ˜
0∗
1 → li + νj + lk
or χ˜0∗1 → νi+lj+lk, where the indices i, j, k refer to the
ones in Eq. (3). The signature of direct top squark pair
production with RPV decays is different from the one
of RPC models which implies a large amount of missing
energy. In the RPV search, three or more isolated lep-
tons (including hadronic τ candidates) and one or more
b-tagged jets are required, but only low EmissT . Instead
meff is used as discriminating variable.
The limits are extracted in the bino–top squark mass
plane, and found to be approximately independent of
the bino mass. Stop masses below 1020 GeV can be ex-
cluded for bino masses of 200 to 1300 GeV for a non-
zero λ122, and top squark masses below 820 GeV for a
non-zero λ233.
The results of the 4-lepton+EmissT search [95], discussed
at the beginning of this section, can also be interpreted
in a simplified model where the lightest chargino and
neutralino are the only sparticles with masses below
the TeV scale. The pair-produced charginos decay each
into a W boson and bino-like χ˜01 as in scenario (a) of
Fig. 2. The LSP then decays through a virtual slep-
ton or sneutrino as χ˜01 → eµνe or χ˜01 → eeνµ with a
branching fraction of 50% each. The width of the χ˜01
is fixed to 100 MeV to ensure prompt decays. Choosing
the best expected limit for each of the model points,
with the
√
s = 7 TeV data chargino masses up to about
500 GeV are excluded for LSP masses between 100 and
540 GeV in the simplified model.
In RPV SUSY, single sneutrinos can be produced via
λ′311 coupling and then decay through λijk couplings
to lepton pairs of different flavor. Searches for such sce-
narios have been performed in all possible combinations
of different-flavor dilepton selections [99]. An example
for a possible signal that is compatible with current ex-
clusion limits on the strength of the RPV interactions
from precision low-energy experiments [100], is given in
Fig. 31 for the eµ channel. Sneutrino masses of up to
1.6 TeV are excluded in the eµ selection (for λ′311 = 0.11
and λ132 = 0.07), where the mass resolution is better
than in the channels including hadronically decaying
tau leptons. The latter lead to sneutrino mass exclu-
sion limits of the order of 1.1 TeV for the same RPV
interaction strength.
To summarize, as leptonic RPV interactions usually
lead to signatures with many leptons, most scenarios
are well covered with the current searches, and often
result in sparticle mass limits that are stronger than
those of RPC searches.
7.1.2 Search for semi-leptonic RPV interactions
(λ′ijk 6= 0)
Such signatures are specifically covered by the HERA
experiments [101,102], which put stringent limits on the
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Fig. 31 Observed and predicted invariant eµ-mass distri-
bution. Signal simulations are shown for sneutrino mass of
500 GeV, λ′311 = 0.11, and λ132 = 0.07 [99].
coupling between the first and second generation due
to the nature of the unique e±p accelerator. Therefore,
LHC searches focus more on the third generation, as
detailed below.
Signatures of models where the top squarks are light,
while the other squarks and gluinos are decoupled, re-
semble those of third-generation leptoquarks. Trilin-
ear RPV operators allow the lepton-number-violating
decay t˜1 → τb with a coupling λ′333 6= 0, resulting
in the same final state as from third-generation lep-
toquark decay, with similar kinematics. They can be
tested by dedicated searches for τ and b quarks in the
final state [103]. With 7 TeV data, top squarks up to
525 GeV are excluded assuming a simplified model with
a branching ratio of 100% for t˜1 → τb.
The top squark search [98], discussed in Sect. 7.1.1,
can also be exploited for semileptonic RPV interactions
(λ′233), via χ˜
0∗
1 → li+qj+qk or χ˜0∗1 → νi+qj+qk, where
the indices i, j, k refer to the ones in Eq. (3). Limits are
set for λ′233, where different kinematic regions lead to
different allowed decays, ranging from two-body decays
(for mt + mχ˜01 < mt˜1) to four-body decays (e.g. for
mχ˜01 > mt˜1 > 2mt). The resulting excluded region is
shown in Fig. 32.
In summary, the signatures of semi-leptonic RPV in-
teractions are similar those expected in leptoquark de-
cays. The LHC experiments can complement these searches
with analyses including the third-generation, where the
most stringent limits up to now could be achieved.
Fig. 32 Exclusion limits at 95% CL on the for RPV top
squark decay in the top squark-LSP mass plane with non-zero
λ′233 coupling . The region inside the curve is excluded. The
different regions, A, B, C, D, and E mark different kinematic
regions with different top squark decay products [98].
7.1.3 Search for quark RPV interactions (λ′′ijk 6= 0)
The quark RPV interactions described by λ′′ijk can be
well tested with multijet resonance searchess [104,105].
We discuss here an analysis searching for three-jet res-
onances [106], which tests two different RPV Yukawa
couplings. While one search is inclusive, testing λ′′122,
the other one requires at least one jet of each resonance
decay to be b-tagged and is sensitive to λ′′113 and λ
′′
223.
The jet-ensemble technique [107,108] is used to combine
the six highest-pT jets into all possible unique triplets.
Limits are set on the gluino pair-production cross
section times the branching fraction as function of the
gluino mass as shown in Fig. 33. Gluinos with masses
below 650 GeV decaying to light-flavor jets can be ex-
cluded. Decays including heavy-flavor jets can be ex-
cluded for even larger gluino masses, between 200 and
835 GeV.
Two other approaches exist. The first one counts the
number of six-jets events above a given pT threshold to
search for high mass gluinos and the second one takes
profit of the large boost of the low-mass gluinos [109].
With 7 TeV data, gluino masses up to 666 GeV and
255 GeV can be excluded respectively. The limit of the
first approach is expected to reach 1 TeV with 8 TeV
data.
Another scenario is given by a gluino decay to two
quarks and one χ˜01, which then further decays through
a λ′′ijk interaction to three quarks, leading to final states
with ten jets when gluino pair production is assumed.
A search for such scenarios is currently performed, but
it has not yet been published.
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Fig. 33 Exclusion limits at 95% CL on the production cross
section of pair-produced gluinos for the inclusive RPV mul-
tijet search [106].
The results of the same-sign dilepton search [74], dis-
cussed in Sect. 4.1.2, can also be interpreted in a RPV
model, where gluinos are pair-produced and decay to
three quarks via g˜ → tbs(tbs), testing the λ′′323 cou-
pling. In this decay 50% of the W bosons are expected
to be same-sign when both W bosons decay leptoni-
cally. As shown in Fig. 34, gluino masses up to 860 GeV
can be excluded.
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Fig. 34 Exclusion limits at 95% CL on the production cross
section of pair-produced gluinos for the same-sign dilepton
analysis including heavy-flavor jets [74].
In summary, a plethora of models with different RPV
interactions exists, and those with the most striking sig-
natures have been tested up to now, excluding a large
phase space, but leaving holes for more complicated
signatures still to be found with more data. This still
leaves a large parameter space for not-yet-detectable
RPV SUSY.
7.2 Long-lived particle searches
As no metastable particles are present in the Stan-
dard Model, long-lived particle searches are generally
free of SM background. In turn, they require a deep
understanding of the detector performance, which rep-
resents the only background, as discussed in Sect. 3.1.4.
Metastable particles appear generally in the SUSY GUT
theory framework [110,111,112,113,114]. They arise in
three main situations: very low mass difference (≤ O(1 GeV))
between a SUSY particle and the LSP in RPC models,
very weak R-parity violation, i.e. λ, λ′ or λ′′ ≤ O(10−5),
or very weak coupling to the gravitino in GMSB models.
Depending on the SUSY mass spectrum, the metastable
particle can be colored (squarks and gluinos) or not
(sleptons, lightest chargino or neutralino). The experi-
mental signatures probed at LHC are now reviewed by
going from the left to the right of Fig. 6.
Non-pointing photons arise in GMSB models where
the NLSP is the lightest neutralino with bino-like fla-
vor, i.e. scenario (a) of Fig 2. If the coupling strength
with the gravitino is weak, the χ˜01 lifetime is in the
range O(0.1-100 ns) accessible by the experiments, pro-
vided the χ˜01 mass is close to the EW scale. In the EM
calorimeter, non-pointing photons exhibit a singular ge-
ometric shape for the energy deposit and a late arrival.
Results of the search are shown in Fig. 35 in the χ˜01
lifetime-mass plane 12. The stronger limits obtained
by ATLAS [116] for long lifetimes are explained by
the stand-alone pointing capability of its calorimeter,
whereas at short lifetimes CMS exploits better the cor-
relation between EmissT and photon energy [117]. Non-
pointing photons are not the only possibility in GMSB
models. NLSP χ˜01 will give non-pointing Z or Higgs.
Slepton or squark/gluino NLSPs will give non-pointing
leptons or jets. However, in all of these cases, no public
results exist yet.
Reconstructing a displaced vertex with high mass
and many tracks is undoubtedly a striking sign of new
physics, as shown in Fig. 36. SUSY models with χ˜01 LSP
and very small RPV couplings can provide a plethora
of possibilities: with leptons (electrons, muons or taus)
attached to the displaced vertex or without leptons.
While the latter case requires tracker and calorime-
ter information (cluster size, track multiplicity point-
ing to the cluster, ...), the former relies on a dedi-
cated tracking algorithm for non-standard displaced-
12Weaker limits from converted photons reconstructed by the
tracker as a pair of electron-positron are not shown [115].
25
Fig. 35 Exclusion limits for non-pointing photon searches
at 95% CL in mass–lifetime plane of the χ˜01, assumed to be
bino-like NLSP.
vertex reconstruction. To date the only publicly avail-
able search interpreted in SUSY models is the one from
ATLAS [118]. SUSY models with the simplified decay
chain q˜/g˜→ q/qq+ χ˜01 → q/qq+µqiqj are excluded for
χ˜01 lifetimes below 1 m and squark (gluino) masses be-
low 0.7 (0.9) TeV. Other searches looking for long-lived
neutral bosons decaying in two leptons [119] could be
useful to reject some SUSY models – though it is not
yet done. In this case the displaced vertex is required
to be at a distance of more than 5 standard deviations
from the primary vertex in the transverse plane. Similar
study is ongoing with two jets.
AMSB [62,63] provides a well motivated case for
metastable charginos since χ˜±1 and χ˜
0
1 are almost de-
generate and mχ˜±1
−mχ˜01 ≥ 140 MeV. The situation is
similar to scenario (b) of Fig. 2. The chargino there-
fore decays after O(10 cm) to undetectable particles, a
soft pion and the LSP. This will cause the chargino
track to ‘disappear’. When produced directly (χ˜+1 χ˜
−
1 ,
χ˜±1 χ˜
0
1) with an additional jet from initial state radia-
tion to trigger the event, one (or two) tracks may have
no/few associated hits in the outer region of the track-
ing system. The continuous TRT tracking of the outer
part of the ATLAS inner detector gives sensitivity to
this signature. With the additional requirement of a
high-energetic isolated track, regions beyond the LEP
limits can be excluded in the lifetime–mass plane of the
chargino, as shown in Fig. 37 [120]. Although originally
motivated by AMSB, this result is largely model inde-
pendent and fits also predictions in many “unnatural”
SUSY models [121,122,123,124], where the chargino
and the LSP are the only accessible sparticles at LHC.
If the gluino and the LSP are almost mass degener-
ate, the gluino lifetime could be long enough for it to
hadronize in R-hadrons (g˜qq, g˜qqq′) or R-gluino balls
Fig. 36 Mass-Track multiplicity plane of the displaced ver-
tex selected by the ATLAS search. One muon is also asked
to point to the displaced vertex. The SUSY model considered
has 700 GeV squarks, 500 GeV χ˜01 and λ
′
2ij = 0.3×10−5 [118].
Fig. 37 Exclusion limit at 95% CL for disappearing track
searches in mass-lifetime plane of the χ˜±1 [120].
(g˜ g) 13. These composite particles are detector-stable,
highly ionizing, slowly moving (i.e. non-relativistic) and
could change sign when they interact with the detector
material. The signature can thus be a detector-stable
charged particle, but also a charged particle turning
13Similar reasoning also applies to squarks.
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neutral, or even a charged particle turning neutral and
turning back charged. To fully explore all possibilities
one needs to combine all possible detector measure-
ments: βγ 14 from the pixel detector by inverting the
Bethe-Bloch function, and β from the calorimeter and
muon spectrometer by measuring the arrival time in
these devices. Together with the measure of the particle
momentum p in the tracker, or in the muon spectrom-
eter, the composite particle mass m = p/(βγ) can be
inferred.
Events are selected by dedicated slow muon or EmissT
triggers – the latter is justified by the modest calorime-
ter energy depositions of the R-hadrons combined with
high-energetic jets from initial state radiation. The back-
ground is evaluated by building templates for p, β and
βγ in signal depopulated regions (like in Fig. 36, sig-
nal regions are generally background free). Non-colored
particles can also be detector-stable and behave like
heavy muons. Therefore, the analysis techniques are
similar to the ones used for colored particles. However,
in that case, the best performing signal regions are the
ones requiring two detector-stable slepton candidates.
The current mass limits from detector-stable parti-
cles are presented in Fig. 38 [125] – note that the AT-
LAS results are still those from the 7 TeV run [30]. Be-
cause no Standard Model backgrounds exist, the limits
obtained are generally higher than in the prompt-decay
case. This is especially true for top and bottom squarks
and staus – where no limits on the direct production
exist in the RPC prompt case. The gluino masses be-
low 1.2 TeV are excluded independent of the hypotheses
made for the interaction of the R-hadrons and R-gluino
balls.
A fraction of these slow-moving particles may come
to rest within the detector volume and only decay later
as g˜ → qqχ˜01, gχ˜01. A particular case is given when
this happens in the calorimeter. The signature consists
of a high energetic jet(s) in absence of collisions. The
main background is then caused by calorimeter noise
bursts, cosmic rays with high energy deposit or beam
halo – the leading background. Gluinos below 850 GeV
are excluded for a gluino lifetime between 10µs and
15 minutes, see Fig. 39 [126]. This signature is gen-
erally present in unnatural SUSY models, where the
gluino and the LSP are the only accessible sparticles at
the LHC.
14The variable β is the particle velocity and γ is the Lorentz
boost.
Fig. 38 Lower mass limit at 95% CL on different scenarios
for long-lived particles [125].
Fig. 39 Exclusion limit at 95% CL for the stopped gluino
searches in mass-lifetime plane of the gluino [126].
7.3 Beyond MSSM
The MSSM is firmly established since 30 years and
serves as a basis for most of the SUSY searches at LHC.
However, many possible extensions exist as shown in
Fig. 40. With mild departure from MSSM parsimony,
they could explain the current absence of SUSY signals
at LHC. In addition, they generally predict new sig-
natures that could be searched for at LHC. We briefly
review here the status of these beyond MSSM searches.
The first category of models adds a gauge-singlet su-
perfield to the MSSM. More specifically in the NMSSM [128],
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Fig. 40 SUSY Phase space and associated theories [127].
two additional Higgs bosons and one neutralino (singlino,
S˜) are added to the MSSM. The extra Higgs are searched
for as a peak around 10 GeV in the invariant di-muon
mass [129]. The naturalness constraints from the 126 GeV
Higgs mass are relaxed and singlino-like LSPs with very
small couplings are possible – changing the phenomenol-
ogy of the SUSY EW sector. Because of this addition,
these models predict final states with multi-leptons and
EmissT . Even if no dedicated searches exist yet at LHC,
reinterpretations of present EWKino searches, presented
in Sect. 6, have already started to constrain NMSSM
models [130]. Apart from NMSSM, another popular
model is stealth SUSY [131] where the invisible sin-
glet and singlino are mass degenerate and light, which
reduces drastically the amount of EmissT – all SUSY cas-
cade decays end like S˜ → S(→ jj)G˜ with a poorly
boosted G˜. Experimental signatures comprise low EmissT ,
displaced vertex and high-multiplicity final states in-
cluding photons and a high number of b-jets. CMS al-
ready places a limit on stealth scenarios where S decays
via a photon [132]. Limits of 1.5 TeV on squarks initiat-
ing cascade decays are obtained. More refined searches
are currently going on.
The second category of models postulates the gluino
to be of Dirac type instead of Majorana as in the MSSM 15.
This happens in theories which extend the R-parity
concept to a continuous symmetry (MRSSM [133]), hy-
brid N=1/N=2 model [134] and Supersoft SUSY (SSSM [135]).
For the two first models, a new particle (the sgluon)
completes the MSSM multiplet composed of gluons and
15It can be also the case for other gauginos but only the gluino
is considered since LHC limits are generally quite strong on
the gluino mass.
gluinos. In all models, the constraint on the gluino mass
in the natural spectrum is relaxed since the radiative
corrections are truncated. Because of that, gluino-gluino
cross sections are expected to be lower than in the
MSSM, weakening the current constraint. The sgluon
provides also new signatures to search for. Above a mass
of 350 GeV, sgluons dominantly decay in two tops. They
can for example be searched for by requiring two same-
sign leptons (no public results are presently available).
At lower mass, sgluons decay in two gluons, giving a
pair of two-jet resonances with equal mass. A unique
pairing of the four highest energetic jets is achieved
for each event by minimizing the pairwise separation.
A peak in the dijet mass distribution is then searched
for, while the shape and the normalization of the multi-
jet background are estimated by a data-driven method.
Sgluons are excluded for masses below 300 GeV; see
Fig. 41 [136]. It is interesting to note that this signature,
unique in BSM models at LHC, is limited at low mass
by the multijet energy trigger threshold and therefore
strong limits are already obtained with the first run at
7 TeV in 2010.
Fig. 41 Exclusion limits at 95% CL on the sgluon pair pro-
duction cross section as a function of the sgluon mass [136].
8 SUSY Prospects at LHC beyond the first run
The LHC program is approved until 2022. In this pro-
gram, the center-of-mass energy will be 13 TeV at the
restart and it should reach gradually 14 TeV. Expected
luminosities are∼100 fb−1 at the end of 2017 and∼300 fb−1
in 2022. A possible extension, called High-Luminosity-
LHC (HL-LHC), is planned from 2024 to 2030-2035 and
could deliver ultimately ∼3000 fb−1. The average num-
ber of pile-up events per bunch crossing is expected to
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rise up to 140 in 2030. Expected discovery sensitivi-
ties and exclusion limits have recently been extracted
by ATLAS and CMS for benchmark processes of plain
vanilla MSSM, i.e.R-parity conservation and χ˜01 LSP [137,
138].
With the increase in beam energy in 2015, the strong
SUSY cross sections are greatly enhanced, opening a
new phase space to explore with already a low inte-
grated luminosity recorded (1-10 fb−1). A few examples
are given here for sparticles at the energy frontier. The
cross section for gluino-gluino production (with squarks
decoupled) is enhanced by more than a factor of 20 for
gluino masses of around 1.3 TeV. The cross section for
the pair production of squarks of the first/second gen-
eration as well as for third-generation squarks, rises by
about a factor of ten for squark masses of 800 GeV.
With 300 fb−1, mass degenerate squarks (of the first
and second generation) and gluinos of up to 2.7 TeV
could be discovered with 5σ significance. For higher
gluino (squarks) masses, e.g. 3.5 TeV, squark (gluino)
masses could be discovered up to 2.5 (2) TeV. With the
HL-LHC, a gain of about 300 GeV in the mass range
is expected. Finally the top squark could be discov-
ered up to masses of about 800 (1000) GeV with 300
(3000) fb−1, assuming a 100% branching ratio to a top
quark and a χ˜01.
Searches for electroweak particles like neutralinos
and charginos benefit more from the large expected in-
tegrated luminosity than for the increase in
√
s due to
their low cross sections. By the end of the HL-LHC,
neutralinos (χ˜02) and charginos (χ˜
±
1 ) decaying to Zχ˜
0
1
and Wχ˜01 respectively, as in scenario (a) of Fig. 2, can
be discovered up to a mass of 700 GeV for χ˜01 masses
of up to 200 GeV with a 5σ significance. In case of no
signal, the exclusion limits are about 200 to 300 GeV
higher. Some sensitivity is also expected to the com-
pressed and more natural scenario (c) of Fig. 2 where
the χ˜01 is higgsino-like.
In summary, the full harvest of the LHC, including
the HL-LHC, could explore the largest part of the most
interesting weak-scale SUSY phase space, which will
remain a hot topic to be tested for at least the next
two decades.
9 Conclusions
ATLAS and CMS, the two general-purpose LHC ex-
periments, have developed a coherent and ambitious
program to search for new particles at the energy fron-
tier, O(0.1-1 TeV) with 25 fb−1 of proton-proton colli-
sion data with center-of-mass energies of 7 and 8 TeV.
These efforts were successful: a Higgs boson of 126 GeV
mass was discovered after two years of running, closing
the list of Standard Model particles to be found.
This discovery fits with expectations from the mini-
mal realisation of N=1 SUSY, a.k.a weak-scale SUSY or
MSSM. However, this model also predicts new particles
at the energy frontier that could solve the gauge hierar-
chy problem of the Standard Model, i.e. the quadratic
divergence of the Higgs mass at higher energy. Assum-
ing that R-parity is conserved, the plain vanilla SUSY
solution predicts a ‘natural’ or low fine-tuning mass
spectrum composed of gluino masses around 1 TeV, top
squark and left-handed bottom squark masses around
500 GeV and chargino/neutralino masses below 500 GeV.
All other SUSY particles could be of much higher mass.
In this framework, the two favored LSP candidates could
be the lightest neutralino or the gravitino. The ATLAS
and CMS experiments have probed, by direct searches,
the uncharted heart of the MSSM spectrum, attracting
high attention from the community. To date, these ded-
icated searches, mainly based on the presence of mul-
tijets and EmissT (but not only), have not revealed any
sign of new physics.
Not all results from Run 1 are currently available
but the following general conclusions could be drawn:
the gluino mass, governed by only one SUSY param-
eter, M3, could be excluded below 1 TeV irrespective
of the SUSY mass spectrum in between the gluino and
the LSP, and the nature of the LSP. This conclusion
applies well for open SUSY spectra, i.e. mass difference
between gluino and the LSP above O(500 GeV). But
the excluded gluino mass region should be lowered to
600 GeV when considering more and more compressed
spectra, because the jet and EmissT softening decreases
the acceptance – the presence of isolated lepton(s) can
partially correct for that.
Constraints on squarks of first and second genera-
tion are generally softer and less general, since mass
degeneracy between families is often assumed. A strong
focus was put on the third squark generation (top and
bottom squark) because of their particular position in
the natural spectrum. When top and bottom squarks
are directly produced, final states are generally less
complex than for the gluino and squarks of first and
second generation and composed of multiple b-jets and
lepton(s). Dedicated searches dramatically shrink the
allowed window, but they are (presently) unsuccess-
ful. As an illustration, holes in the top squark searches
are presently located near the top mass funnel, mt˜ =
mt+mχ˜01 , for mχ˜01 >100 GeV, at low mass difference be-
tween top squark and χ˜01 or in very intricate top squark
decay chains.
The weak SUSY sector (charginos, neutralinos and
sleptons) is also probed extensively at LHC. Because
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of lower cross section, the Standard Model background
is only reducible considering multi-lepton final states.
These leptons are provided by the leptonic decay of
the W, Z, Higgs and/or sleptons. Compared with the
other sectors no strong general conclusions are drawn
(yet) because of the high number of possible final states
and the complexity of the sector governed by around
10 parameters. Nonetheless, constraints are generally
always going beyond the LEP ones, and biting the nat-
ural spectrum in many cases.
Therefore it is fair to say that, even if not all 8 TeV
results are currently available, plain vanilla MSSM is
under high pressure. More definitive conclusions will
come when all these results will be interpreted with a
full scan of the main 19-20 MSSM parameters (some
assumptions are made on the other 105-19 parame-
ters), which will happen in 2014. Meanwhile, more fo-
cus has been put on searches for long-lived particles,
R-parity violating scenarios and new theoretical ideas
(Stealth SUSY, Dirac gauginos, extra gauge-singlet su-
perfield) that provide many striking signatures, gener-
ally background free and relying more on detector per-
formance. Such scenarios are in most cases compati-
ble with the absence of experimental evidence for plain
vanilla MSSM. A huge number of possibilities exists
and the most important ones have been covered (or are
worked on), with presently no sign of SUSY. It is inter-
esting to note that the gluino mass is constrained to be
above 1 TeV in the models that have been considered.
All these direct searches for new particles have been
complemented by indirect searches that we briefly men-
tion for completeness. At LHC, the main improvement
comes from the measurement of the B0s → µ+µ− branch-
ing ratio, where the leading SUSY contributions involve
SUSY Higgses (A0 and H0) in penguin diagrams. How-
ever, a good agreement with the Standard Model was
found [139,140], and no irreducible limit exists on SUSY
models. Other indirect evidence for new physics could
be found when searching for the flavor-changing decay
of the top quark like t→ cH, which is very strongly sup-
pressed in the Standard Model, BR=O(10−15). Contri-
butions from SUSY Higgses in virtual loops of the decay
amplitude can enhance the cross section significantly,
by factors up to nine orders of magnitude. Nevertheless,
up to now, no evidence for this decay has been found
when considering H→WW,ZZ, ττ leptonic decay [81]
and H→ γγ decay [141].
A new phase of exploration will start in 2015 with
the restart of the LHC at higher energy. But the present
situation after the first run could well fit an Ernest
Rutherford quote ‘An alleged scientific discovery has
no merit unless it can be explained to a barmaid’: we
can now happily discuss with the barmaid of the SM
bar, but we could not yet find the door of the SUSY
bar!
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